ABSTRACT
INTRODUCTION
Cell-free translation is a powerful tool for studying gene expression. It would be desirable to use cell-free translation systems as a source of proteins for biochemical and molecular biology studies. The expensive continuous flow cell-free (CFCF) reactors (26, 32, 33) or dialysis cells (15, 16) can produce milligrams of a protein per 1 mL of reaction volume. However, many research laboratories need only smaller amounts. The goal of this study was to improve the performance of a conventional microcentrifuge tube reaction so that a substantial amount of a protein could be rapidly synthesized and isolated at a low cost by using the standard components readily available on the market.
A higher-performance, cell-free system can be achieved by manipulating the system composition (12) (13) (14) 17) . However, such improvements often lead to an increase in the system cost that is comparable with the increase in the protein yield. On the other hand, our previous observations indicated that the performance of a standard cellfree system could be greatly improved solely by manipulating the untranslated regions of mRNA templates. For example, embedding an mRNA into the genomic RNA of Qβ phage in place of its coat protein cistron enhanced the mRNA translation by up to two orders of magnitude (11) . However, QβRNA is too large (>4.2 kb) and includes other concurrently translated viral cistrons. We decided to approach the goal from another end, by constructing a vector possessing only short essential virusspecific structural elements.
The vectors reported here ( Figure 1 ) are suitable for gene expression in the bacterial cell-free systems and encode the following structural elements of Escherichia coli phages: ( i ) the promoter of phage T7 RNA polymerase, one of the most potent and selective RNA polymerases (34); ( ii ) the 133 nucleotide long cDNA sequence of an RQ RNA (RQ135 -1 RNA) (21), a Qβ phage satellite RNA (5) that can be amplified by Qβreplicase (the RNA-directed RNA polymerase of phage Qβ) (6) with a strong secondary structure that resembles the terminal structures of the genomic Qβ RNA (1, 4, 6) . Insertion of an mRNA into an RQ RNA (an RNA that is replicable by Qβ replicase) (21) enhances the expression of that mRNA by making it amplifiable by Qβrepli -case in the presence of a coupled translation system (20, 25) and protecting it from ribonucleases (35); ( iii ) the Epsilon (E) sequence, a powerful translational enhancer of phage T7 coat protein gene 10, which is also present in the initiator region of the coat protein cistron of Qβ RNA (23) . These viral elements were expected to enhance the expression of a harbored gene in a translation, transcription-translation, or replication-translation, cell-free system based on the crude (S30) E. coli extract.
Also, the vectors contain a sequence coding for Strep-tag (ST), an oligopeptide selected for possessing a moderate affinity to streptavidin [K d ca. 10 -5 M (28, 29) ]. Proteins fused to ST at the Cterminus can be affinity purified on a streptavidin-agarose column under mild conditions (30) .
We show here that using these vectors in the standard cell-free expression systems provides for the synthesis of up to 40 µ g of an active ST-fused protein per 1 mL of reaction mixture and that the synthesized protein can be efficiently isolated on an affinity column.
MATERIALS AND METHODS

Plasmids
Plasmid pASK-IBA1 (Institut für Bioanalytik, Göttingen, Germany) was used as a source of the ST-coding sequence, which was PCR-amplified with primers 1 (5 ′ -TT CTCGAG GTAACAT -ATGGGCCATGGTCTCAGCGCTTG -GC-3 ′ , introducing the upstream Xho I and Nde I sites, underlined) and 2 (5 ′ -C -C CTCGAGTTAACCACCGAACTG-CGGGTGA-3 ′ , introducing the downstream Xho I site). Plasmid pRQST was obtained by ligating the Xho I-digested PCR product at site Xho I of a pUC18-derived plasmid pRQXhoI (Reference 20 and Figure 1 ) with its site Nde I at position 183 of the original pUC18 vector eliminated. Plasmid pRQSTE was prepared by PCR amplification of the ST-coding sequence using pRQST as a template and primers 2 and 3 (5 ′ -TTCTCGAGGTTAACTTTACCAAG-AGGTAACATATGGGCCATGGTCT -CA-3 ′ , introducing the E sequence) (23) and ligating the Xho I-digested PCR product at site Xho I of pRQXhoI.
Plasmid pSP65DHFR 0.7 (20) was used as a source of E. coli dihydrofolate reductase (DHFR) gene that was PCR-amplified with primers 4 (5 ′ -GGCATATGATCAGTCTGATTGCG-GCGT-3 ′, introducing site Nde I at the beginning of the coding sequence) and 5 (5 ′ -GACCATGGCCCCGCCGCTC -C AGAATCTCA-3 ′and introducing site Nco I at the end of the coding sequence). The Nde I/ Nco I-digested PCR product was ligated between these sites into plasmids pRQST and pRQSTE, resulting in plasmids pRQST-DHFR and pRQSTE-DHFR, respectively ( Figure  1 ). Plasmid pRQSTEP-DHFR was obtained by PCR amplifying the STE-DHFR insert of pRQSTE-DHFR with primers 6 [5 ′ -CTTCTCGAGCTTAA-CTTTAGTAGGAGGTATCATATG-3 ′ , slightly changing the 5 ′ untranslated region (UTR)] and 7 (5 ′ -TCCCTCGA-GGGCAGT TCGGT TTAACCACCG-AACTGCGGGT-3 ′ , introducing the anti-ST sequence, underlined) and ligating the Xho I-digested PCR product into site Xho I of pRQXhoI.
Plasmid pBAD-GFP (Maxygen, Redwood City, CA, USA) was used as a source of Aequorea victoriagreen fluorescent protein (GFP) gene (Cycle 3 mutant), which was PCR-amplified with primers 8 (5 ′ -GATATACATAT -GGCTAGCAAAGGAGAAGAAC-3 ′ . This primer fully matched the template and contained site Nde I) and 9 (5 ′ -GACCATGGCCTTTGTAGAGCTCA-TCCATGCCATG-3 ′ , introducing the downstream Nco I site). Since the GFP gene itself contains sites Nde I and Nco I, the PCR product was first cloned, after removing the overhanging A with T4 DNA polymerase and phosphorylating, at site Pvu II of pGEM2 (Promega, Madison, WI, USA). The Nde I/ Nco I fragment of an appropriate size was then obtained by a limited digestion and agarose electrophoresis, and was then ligated between these sites into plasmids pRQSTE-DHFR and pRQSTEP-DHFR, resulting in plasmids pRQSTE-GFP and pRQSTEP-GFP, respectively ( Figure 1 ).
Plasmids pSTEP-DHFR lacking the RQ135 sequences and pDHFR lacking both the RQ135 and STEP sequences ( Figure 1 ) were prepared by excising the Xho I fragments from pRQSTEP-DHFR and pT7RQ135 -1 (-)DHFR(+) (20) , respectively, and recloning them at site Sal I of pTZ19R (Amersham Pharmacia Biotech, Piscataway, NJ, USA) downstream from the T7 promoter.
Cell-Free Reactions
Sma I-digested plasmids were transcribed with T7 RNA polymerase (8) . Cell-free translations were carried out in microcentrifuge tubes at 37°C in a medium containing 30% (vol/vol) S30 extract prepared (37) 
leucine at a specific activity of 38 mCi/mmol, 0.01 mg/mL folinic acid, 0.5 mg/mL total E. coli tRNA, 800 pmol/mL mRNA, 160 U/mL RNase inhibitor (Roche Molecular Biochemicals, Mannheim, Germany) and 40 mmol/L Li,K-acetylphosphate (served as a phosphate donor for endogenous kinases that regenerate NTPs) (24) . A transcription-translation cocktail contained additionally 1 mmol/L CTP, 1 mmol/L UTP, 3000 U/mL T7 RNA polymerase and 40 µ g/mL (ca. 20 pmol/mL) of a covalently closed circular plasmid instead of mRNA. The amount of synthesized protein (expressed in pmol/mL or µ g/mL) was assessed by measuring the trichloroacetic acid-insoluble radioactivity in 5 µ L aliquots at the indicated time points. The measurements took into account the number of Leu residues (11 in DHFR and 19 in GFP, plus 1 in the ST extension) and the molecular mass of the protein (18 kDa for DHFR and 26.98 kDa for GFP, plus 1.49 kDa for the ST extension).
Affinity Isolation of Proteins
Strep-tag-fused proteins were isolated from 0.5 mL of a cell-free system using the Strep-tag ® kit (Institute für Bioanalytik) according to the manufacturer's protocol. Briefly, a sample was applied to a 0.5 mL streptavidinagarose column, followed by 3 mL of the washing buffer (100 mmol/L TrisHCl, pH 8.0, 1 mmol/L EDTA, 0.02% NaN 3 ). The bound protein was then eluted by the same buffer containing 3 mmol/L diaminobiotin and collected in 0.5 mL fractions.
RESULTS AND DISCUSSION
Vector Design
As a starting vector, we used plasmid pRQXhoI, which already contained RQ135 -1 cDNA downstream from the T7 promoter and whose RQ sequence was mutated to introduce a unique Xho I site convenient for insertion of foreign sequences (20) . The plasmid was modified to introduce a Shine-Dalgarno sequence (31), the initiator codon, the ST-coding sequence (pRQST series) and the E sequence (pRQSTE series) and then used for the cloning of DHFR and GFP genes (Figure 1) . The pRQSTEP plasmids also contained in the 3 ′UTR a short oligonucleotide complementary to the ST-coding sequence (anti-ST sequence). The vector construction allows any gene, after it has been PCRamplified with a pair of appropriate primers, to be inserted between sites Nde I and Nco I in frame with the downstream ST-coding sequence. The resulting protein is fused at its C-terminus to the ST peptide using tetrapeptide GlyHis-Gly-Leu (Figure 1 ).
Vector Performance in the Translation System
The Sma I-runoff transcripts of the plasmids obtained were tested in a cellfree translation system (Figure 2) . Earlier, we found that insertion of the DHFR gene into the RQ sequence resulted in a threefold enhancement of its expression due to a higher mRNA stability in the S30 translation system (35) . Surprisingly, introduction of STcoding sequence to the RQ-DHFR mRNA resulted in a null translation (Figure 2A , RQST-DHFR mRNA). Further addition of the E sequence revived the template (Figure 2A tional activity was not higher than that of the authentic DHFR mRNA ( Figure  2A ) that lacked the RQ, ST and E sequences (Figure 1, pDHFR) . Figure 3 shows that the last portion of the ST-coding sequence is capable of forming base pairs with the initiator region of mRNAs containing the ShineDalgarno and E sequences. This could explain the observed inhibition of translation. A similar hiding of the initiator region within RNA secondary structure results in a complete suppression of translation of the A cistron of RNA coliphages (4) .
To test this hypothesis, we introduced, just downstream from the terminator codon, UAA, an 11-nucleotide
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BioTechniques 341 long segment complementary to the interfering part of the ST-coding sequence (anti-ST sequence). We expected that the anti-ST sequence would distract the ST-coding sequence from the E and Shine-Dalgarno sequences ( Figure 3 ) and would thereby unblock the initiation of translation. We also introduced into the translation leader sequence a few nucleotide substitutions to additionally weaken the RNA secondary structure in the initiator region. The resulting vector was designated pRQSTEP (Figure 1 ). Figure 2A demonstrates that these minor changes in the vector structure resulted in a dramatic enhancement of translation. The enhancement was similar for DHFR and GFP templates (cf. RQSTE and RQSTEP mRNAs), as was the amount of synthesized protein. The translational potential of the pRQSTEP vector is comparable to that of QβRNA at its coat protein cistron (11) , which is one of the most potent templates known; yet, it is a much simpler vector. Figure 2B shows that the RQ moiety of the vector is responsible for about two-thirds of the translational activity of the RQSTEP-DHFR mRNA. With RQ elements, the protein synthesis lasted for a longer time, presumably due to the protection of mRNA against endogenous ribonucleases (35) , and produced approximately 20 µ g (1 nmol) of ST-DHFR per 1 mL of translation mixture by 90 min of incubation.
Vector Performance in the Coupled Transcription-Translation System
An even larger amount of a protein (ca. 40 µ g/mL) can be synthesized in a coupled transcription-translation system, in which T7 polymerase continuously transcribes plasmids of the pRQSTEP series (Figure 4, A and B) . In the coupled system, the RNA stability is no longer a limiting factor: the same translation kinetics are observed with pRQSTEP and pSTEP plasmids ( Figure 4A ), and there is still a large amount of undegraded RNA at 30 min ( Figure 4C ) when protein synthesis ceases ( Figure 4, A and B) . The initial rate of protein synthesis in the coupled system is about 4 ×higher than in the translation system, but the final protein yield is only 2 × as large because of the earlier plateau ( Figure 4A ). In the coupled system, the full-length RNA begins to disappear at the same time point when the protein plateau is reached (cf. Figure 4 , B and C), which indicates that translation and transcription shut down simultaneously, probably due to the depletion of common substrates, NTPs. Indeed, in a CFCF reactor that is continuously fed with substrates, the RNA and protein syntheses remain steady for many hours (data not shown).
Isolation of Proteins Synthesized in a Cell-Free System
Proteins synthesized from pRQ-STEP or pSTEP vectors can be isolated because of their affinity to streptavidin. Figure 5 shows an example of such an isolation.In this experiment,ST-DHFR synthesized on RQSTEPDHFRmRNAhad a specific activity of 53 U/mg, which is close to that of DHFR isolated from E. coli cells, 55 U/mg (2). This result demonstrates that the in vitro synthesized protein is fully active and that the ST peptide does not affect the activity of DHFR. Figure 5 shows that a 100-fold purification of ST-DHFR was achieved by single-step affinity chromatography on a streptavidin-agarose column, yielding 19 µ g (0.95 nmol) of a relatively pure enzyme To monitor the RNA, a part of the reaction mixture was supplied with [ 32 P]ATP, and phenol-extracted samples were analyzed by electrophoresis through a denaturing 5% polyacrylamide gel (27) and autoradiography. Arrows indicate the position of ribosomal RNA bands visible after staining the gel with toluidine blue. Since no transcriptional terminator was introduced behind the RQSTEP cassette (Figure 1 ), the size of synthesized RNAs was determined by terminators present in the pUC18 vector. 
CONCLUSION
This paper demonstrates that a significant enhancement of protein synthesis can be achieved in a standard cellfree system by solely manipulating the UTRs of an expression vector by introducing the viral structural elements known to enhance translation in vivo and to protect mRNA from ribonuclease action. The expression vectors reported here are universal in that they can be used, at a researcher's discretion, in a translation reaction or in a coupled transcription-translation reaction. The vectors can also be used in a coupled replication-translation reaction. It has been shown that embedding an mRNA into an RQ RNA sequence makes the former amplifiable by Qβ replicase in the presence of a coupled translation system, resulting in a higher protein yield (20) . Depending on the choice, 1 mL of a reaction yields 20-40 µ g, or about 1 nmol of a standard protein. This amount meets many needs of a research laboratory, such as exploring the enzymatic, ligand-binding or immunological properties of a protein or its ability to form complexes with other proteins or with nucleic acids.
In this study, we did not attempt to manipulate the system composition, but the data obtained indicate that a higher protein yield may be achieved by increasing the concentration of certain substrates (e.g., NTPs). The volume yield can also be increased by using condensed cell-free extracts (15, 17, 22) . If desired, the reported vectors can be used in a CFCF or dialysis-type protein synthesis reactors, in which one to two orders of magnitude larger amounts of a protein can be synthesized in the same volume using a continuous supply of substrates to the reaction mixture (15, 16, 26, 32, 33) .
The reported vectors allow any gene to be inserted between the initiator codon and the ST-coding sequence, so that its translation results in a functionally active protein carrying ST at the Cterminus. The results demonstrate that such proteins can be easily isolated from the products of cell-free translation on a streptavidin-agarose column at a good yield and in a relatively pure state. Recently, a modified ST and a mutated streptavidin were reported that may further improve the purity of affinity isolated proteins (36) . Of course, other fusion tags (7, 10) can also be used to recover the synthesized proteins.
Only one working day is required to carry out the entire procedure including the cell-free synthesis of a tagged protein and its affinity isolation. This may significantly advance any field in which rapid analysis of a gene expression product is important, such as screening the cDNA libraries, screening gene variants in protein engineering and functional identification of open reading frames whose sequences increasingly accumulate because of a progress in the genome projects.
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